The origin of the Moon's large-scale topography is important for understanding lunar geology 1 , lunar orbital evolution 2 and the Moon's orientation in the sky 3 . Previous hypotheses for its origin have included late accretion events 4 , large impacts 5 , tidal effects 6 and convection processes 7 . However, testing these hypotheses and quantifying the Moon's topography is complicated by the large basins that have formed since the crust crystallized. Here we estimate the large-scale lunar topography and gravity spherical harmonics outside these basins and show that the bulk of the spherical harmonic degree-2 topography is consistent with a crust-building process controlled by early tidal heating throughout the Moon. The remainder of the degree-2 topography is consistent with a frozen tidal-rotational bulge that formed later, at a semi-major axis of about 32 Earth radii. The probability of the degree-2 shape having both tidal-heating and frozen shape characteristics by chance is less than 1%. We also infer that internal density contrasts eventually reoriented the Moon's polar axis by 36 6 46, to the configuration we observe today. Together, these results link the geology of the near and far sides, and resolve long-standing questions about the Moon's large-scale shape, gravity and history of polar wander.
The theory of equilibrium figures of rotating fluid bodies is a classic problem in geophysics, and it has been helpful in understanding the shapes of the Sun and planets. However, the origin of the Moon's shape has remained an open problem in the past century 2, 6, [8] [9] [10] , and the body's deviations from any simple tidal-rotational (spherical harmonic degree-2) figure are large 11 . This difficulty is surprising given the Moon's presumably simple early thermal history: born hot and quickly cooled, one might expect the Moon to be described by a simple figure of equilibrium.
Researchers have traditionally suggested that the Moon's degree-2 spherical harmonic gravity coefficients, which have been used as proxies for the degree-2 shape, are especially large when compared to higherdegree coefficients 9, 12 . Figure 1 shows a power law or 'Kaula's rule' fit to degrees n 5 3 to 50 for the Moon's gravity 13 and topography data 14 . The power at degree 2 is 4.5 times and 2.6 times the power expected from extrapolating the best-fit power law, for gravity and topography, respectively, supporting the idea that the degree-2 coefficients are unique. Indeed, the fraction of excess power for topography is greater than the excesses for Venus, Earth and Mars (Supplementary Information). The Moon's strong degree-2 power has been interpreted as a frozen tidalrotational state inherited from when the Moon was closer to the Earth; this is known as the fossil bulge hypothesis 6 . An open problem, however, has been that the ratio of the C 2,0 and C 2,2 spherical harmonic coefficients is different from the expected value by a factor of 2.6 (refs 2 and 10).
Adding to the fossil bulge idea and motivated by tidal processes in Europa's ice shell 15 , Garrick-Bethell et al. 16 inferred that the farside highlands crust has a degree-2 shape that is explainable by tidal heating during the magma ocean epoch. However, ref. 16 did not address the rest of the Moon's shape, the Moon's orientation history, and the details of gravity and topography when they are examined together. In particular, ref. 16 did not reconcile its results with the classic fossil bulge hypothesis 10 , or explain its anomalous C 2,0 /C 2,2 ratio. To address these problems and create a unified explanation for the Moon's degree-2 shape and orientation, we here consider two effects: the Moon's largest basins, and the reference frame in which we analyse lunar topography.
The South Pole-Aitken basin (SPA) is the largest 17 , deepest 1 and oldest lunar basin 5 , and its degree-2 power affects our interpretation of the primordial degree-2 shape. In addition to SPA, we focus on the 12 largest basins that produce obvious local anomalies in topography, crustal thickness or gravity (in all, 22% of the surface, Fig. 2a-c) . To determine the Moon's degree-2 shape without these basins, we fit spherical harmonics of degrees n 5 0 to 5 to data outside their boundaries. Figure 2d and f shows the Moon's topography and appearance after rotation to the reference frame where the only non-zero degree-2 terms are C 2,0 and C 2,2 (with C 2,0 , 0), hereafter termed 'the principal frame'. If the Moon's outer figure, as opposed to its internal density distribution, once controlled the lunar moments of inertia (see below), this would be the reference frame that once faced Earth. This frame's largest principal axis is at (6 6 4u S, 30 6 1u E), its polar axis is at (54 6 5u N, 309 6 6u E), and its intermediate axis is at (35.1 6 5u S, 296.4 6 4u E) ( Fig. 2a-c) .
Without the largest basins, the Moon's topography power spectrum displays substantially less variance at low degrees. Performing a powerlaw fit for n 5 3 to 50 using the new power at degrees 3, 4 and 5 ( Fig. 1 dashed red line), we find the degree-3 and degree-4 power is much closer to the predictions from Kaula's rule. However, the degree-2 power remains in excess by a factor of 2.8. The Moon's strong degree-2 power, even without its large basins, implies that purely local explanations for the degree-2 character of the far side, such as a late-accreting second moon 4 , are less plausible.
To address the origin of the Moon's primordial degree-2 shape, we must also consider the degee-2 gravity potential of the Moon (Fig. 2b) . If we again fit degree-2 coefficients outside the basins, we find that gravity's largest principal axis shifts only 5 6 2u, from (0u N, 180u E) to (5 6 2u S, 182 6 1u E), and its polar axis only 5 6 2u to (85 6 2u N, 203 6 35u E) (Supplementary Table 7 ). In addition, the degree-2 gravity power decreases by a small amount, 12% (Fig. 1, blue dot) . The weak effect of basins on the degree-2 gravity potential is partly due to SPA's nearly compensated state 18 , and SPA's large contribution (45%) to the area removed. The gravity and topography principal frame calculations above reveal a previously unappreciated but critical problem in understanding the lunar shape: while both gravity and topography have anomalously high degree-2 power, the principal topography and gravity reference frames do not align at present (that is, using global data), and nor do they align when using degree-2 harmonics fitted outside the largest basins. Using global data, the largest gravity and topography principal axes are separated by 34u, and using data outside large basins, the largest principal axes are separated by 30u 6 5u. Therefore, other non-basin events distorted the Moon from any single, simple equilibrium figure in either gravity or topography, making it unclear which data set represents the primordial frame where any tidal-rotational effects were acquired.
However, a simple argument suggests that topography's principal frame formed first. Degree-2, tidally produced crustal thickness variations 16 , if they exist, must have developed early when the lithosphere was weak enough to permit significant tidal flexing, and will therefore be isostatically compensated (with a relatively small gravity signature). Furthermore, any uncompensated fossil component of shape, if it exists, must have frozen-in after the lithosphere cooled and strengthened, and degree-2 crustal thickness growth largely ceased. Therefore, as long as the crustal thickness variations produced degree-2 topography that dominated any subsequent fossil topography, and the principal axes remained mostly fixed while forming, topography's principal frame will be the Moon's first-established Earth-oriented principal frame. Below, we will demonstrate that topography components from both crustal-thickening (compensated) and fossil-bulge (uncompensated) processes probably exist in topography's principal frame, with the crustal component being larger, and that each topography component has the C 2,0 /C 2,2 ratio expected from each unique process.
To assess the nature of the degree-2 topography in the primordial, basin-removed principal topography frame, we examine the associated c, Lunar 750-nm spectral reflectance, with the data above 75u latitude blacked out. d, The data in a after rotation to the topography principal frame, using rotation angles calculated from data outside large basins. e, The data in b after rotating to the topography principal frame, as in d. f, The data in c after rotation to the principal topography frame, as in d.
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gravity harmonics in the same frame (Fig. 2e) . In this frame, we use a joint analysis of gravity and topography to find that neither completely compensated nor completely uncompensated topography alone can explain the C 2,0 and C 2,2 gravity coefficients (Supplementary Information section 4). However, in Table 1 we show that a linear combination of compensated and uncompensated topography is consistent with gravity and topography observations; the topography is effectively about 80% compensated (shown graphically in Supplementary Fig. 9 ). Having established that both fossil (uncompensated) and crustal thickness (compensated) topography components are required, we can examine their coefficient ratios to test their origins. The ratio of C 2,0 /C 2,2 for normalized gravity and topography coefficients is 20.96 (which is approximately 21.0) for frozen tidal-rotational fossil bulges in low-eccentricity synchronous orbits (and assuming that the normalized polar moment of inertia is 0.4) 10, 12, 19 . The classic problem has been that the observed present-frame ratio is very different from 21.0: it is 22.6 for global gravity 2,10 ( Fig. 2b ) and 26.1 for global topography (Fig. 2a) . However, we must now also consider the expected topography ratio for tidally controlled crustal thickness variations 16 . Unlike the case for fossil topography, this ratio is variable, depending on the amount of tidal dissipation. Although dissipation depends on a number of parameters that are difficult to estimate, such as lower crustal viscosity, we find that for 114 model calculations spanning a variety of conditions, C 2,0 /C 2,2 approaches 21.1 to 21.3 as the mean global tidal heat flux increases above about 50 mW m 22 (Fig. 3) . From Table 1 , we see the ratio C 2,0 /C 2,2 for compensated topography in topography's principal frame is 21.3 6 0.2, and for uncompensated topography, the ratio is 21.0 6 0.3. These values are consistent with the ratios predicted for a crust sculpted by tidal heating, and a frozen fossil bulge, respectively. A similar spherical harmonic coefficient fit to a model of crustal thickness 20 , with large basins removed, yields C 2,0 /C 2,2 5 21.1 6 0.2 ( Supplementary Fig. 10 ), in good agreement with the compensated topography ratio. The observed topography C 2,0 /C 2,2 ratios are robust (compared to their uncertainties) to the inclusion or exclusion of different basins, as well as increases in the size of SPA up to 50% (30% for other basins), and changes in the maximum fit degree (Supplementary Table 4 ). If we had not removed the effects of large basins, the solution for compensated and uncompensated topography in the global-topography principal frame yields C 2,0 /C 2,2 values of 22.0 and 26.1, respectively (Supplementary Table 10 ).
To assess the likelihood that the unique C 2,0 /C 2,2 ratios arise by chance, we performed Monte Carlo simulations with topography and gravity with the same statistical properties as the observed data. This topography and gravity could arise from any source, including early mantle convection processes, or the process that produced the Moon's centre-of-mass/ centre-of-figure offset. We find that the probabilities of the compensated and uncompensated topography C 2,0 /C 2,2 ratios randomly falling between 21.1 to 21.3, and between 20.9 to 21.1 (ranges taken to represent the predicted values for each mechanism), are 8% and 5%, respectively (Supplementary Information section 9 and Supplementary Figs 12  and 13 ). The joint probability is only 0.3%, suggesting that the degree-2 shape is tidally produced.
In the principal topography frame, we also obtain gravity terms S 2,1 , C 2,1 and S 2,2 , which constitute 59% of the basin-removed degree-2 gravity power (Fig. 2e ). Since these terms are associated with zero topography, they arise from subsurface density anomalies that must have developed after a rigid lithosphere formed. Dynamically produced hemispherescale density changes have been proposed [21] [22] [23] , and these would probably have degree-2 power that could have affected the Moon's degree-2 tidal signatures. We can estimate the probability that the Moon's tidal characteristics would survive such changes. For example, starting with just the C 2,0 and C 2,2 gravity and topography values for the basin-removed Moon, a randomly placed hemisphere-sized gravity anomaly that yields the same total degree-2 gravity power as the basin-removed Moon permits survival (,30% alteration) of the compensated topography C 2,0 /C 2,2 ratio 92% of the time, and survival of the uncompensated ratio 37% of the time (Supplementary Information section 10 ). This simple model demonstrates that if the Moon's unique tidal signatures form (which is seldom by chance; see above), their recovery is quite plausible despite subsequent internal gravity changes. This is largely because the C 2,0 / C 2,2 ratios are dependent on topography, not gravity alone.
Our tidal calculations indicate that when the semi-major axis a exceeds about 25 Earth radii (R E ), no realistic models can produce significant tidal heating, and when a is less than about 10R E , the orbital evolution timescales (less than a million years) are too short to have built a significant amount of crust. The uncompensated C 2,0 and C 2,2 values imply fossil freeze-in at a < 32R E or a < 30R E allowing for 18% relaxation after four billion years 24 . This freeze-in location is larger than 25R E (above), and therefore consistent with the requirement that the lithosphere must have formed after the crust-building epoch. The location is also consistent with freeze-in before the Cassini state transition (a < 30-34R E ) 25 , which would have affected the lunar shape. Nominally, it takes roughly 200-300 million years for the Moon to evolve to a < 32R E after accretion 26 . This lithosphere development timescale is consistent with estimates of 100-200 million years for complete magma ocean crystallization, based on radioisotope studies and thermal modelling [27] [28] [29] . By combining timescales such as these, and our inferred fossil formation position at a < 32R E , the orbital evolution and tidal properties of the early Earth-Moon system can be further constrained.
Finally, we find the principal topography frame places the Moon's palaeopole in northern Oceanus Procellarum (54 6 5u N, 309 6 6u E), and about 30u from the centre of the thorium-rich Procellarum KREEP (enriched in potassium, calcium and the rare-earth elements) terrane (Supplementary Fig. 14) . This palaeopole location may be testable by using Solution for the combination of compensated and uncompensated topography to match the C2,0 and C2,2 gravity and topography harmonics shown in Fig. 2d Table 13 .) The observed ratio of 21.3 6 0.2 (1s, dashed lines) for compensated topography outside of large basins is illustrated ( Table 1) . The inset shows a model crustal thickness map with C 2,0 /C 2,2 5 21.26 (Supplementary Information section 8) .
LETTER RESEARCH the poles of magnetized portions of the crust 30 . Eventually, the additional gravity in C 2,1 , S 2,1 and S 2,2 , plus the basins we have removed, changed the lunar moments of inertia, and reoriented the Moon to the present frame we see today. While the details and timing of these later processes are not yet fully understood, a self-consistent origin of the primordial degree-2 shape helps to provide a framework for understanding the many subsequent events in lunar evolution.
